1 article puBLIsHed OnLIne: 25 auGust 2013 | dOI: 10.1038/nCHeMBIO.1320 P rotein splicing is a remarkable post-translational modification in which an intervening sequence (intein) excises itself from the host precursor protein, concomitantly ligating the two flanking sequences (exteins) with a peptide bond (Fig. 1a ) [1] [2] [3] . Currently, more than 500 inteins have been identified in all three kingdoms of life (eukaryotes, eubacteria and archaea) on the basis of conserved characteristic sequence 4 . Although some regulatory functions are suggested for specific inteins 5, 6 , inteins are considered to be functionless selfish genetic elements with ancient origins because they are often inserted in distinct conserved sites of various essential proteins and can be deleted without notable effects to the host organisms 7 . Protein splicing usually occurs in cis as an intramolecular reaction within a single precursor molecule 8 . Protein splicing can also take place in trans as a bimolecular reaction when a host precursor is artificially or naturally split into two fragments within the intein sequence (Fig. 1b) 6, 9, 10 . When two split fragments (I N and I C ) derived from one intein associate together to form an active intein, two extein sequences (E N and E C ) fused with the split intein (I N and I C ) on two different chains will be ligated into one polypeptide chain with a covalent peptide bond by protein trans-splicing (PTS) upon excision of the split intein fragments (Fig. 1b) . This PTS has been used for various biotechnological applications because protein splicing is not limited to native exteins, taking place even with foreign exteins 1, 10 . As naturally occurring split inteins are discovered among cyanobacteria 6, 11, 12 , it has been speculated that split inteins are remnants of inteins and had a primeval role in evolution in the combinatorial recombination of protein sequences for domain shuffling on the protein level 11, 13 . Split inteins might be more common than presumed because split inteins have been identified in metagenomic sequences 14 .
Here we demonstrate that protein splicing could also occur as a bimolecular reaction involving cis-splicing precursors, thereby resulting in up to four differently ligated molecules. The newly discovered intein-mediated protein alternative splicing (iPAS) could thus diversify protein repertories after protein translation. We also exploited iPAS for modulating protein functions in a post-translational manner.
RESULTS iPAS by split inteins
We serendipitously noticed that expression of a cis-splicing precursor protein together with a split intein precursor in Escherichia coli produced unexpected bands larger than the protein expected from the cis-spliced product in SDS-PAGE (Fig. 1c) . We derived the cis-splicing precursor protein (HG-I-G) from naturally split DnaE intein from Nostoc punctiforme (Npu) as a cis-splicing intein (I) flanked with HG, the N-terminally His 6 -tagged B1 domains of IgG binding protein G (GB1), as the N-extein and GB1 (G) as the C-extein 15, 16 . cis-Splicing of this precursor protein produces the spliced product, HG-G 16 . The split intein precursor (I C -GH) contained the natural C-terminal split NpuDnaE intein (I C ) and the C-terminally His 6 -tagged GB1 (GH) as the C-extein. We interpreted these unexpected bands as HG-GH and I-G, produced by an intermolecular reaction between the two precursor proteins (HG-I-G and I C -GH) (Fig. 1c,d) . To prove this, we purified the spliced product using N-and C-terminal His 6 -tags and indeed confirmed it as the ligated product from the bimolecular reaction between the two precursor proteins by MALDI-TOF MS (Supplementary Results, Supplementary Fig. 1a ). We termed this intermolecular reaction iPAS. We were intrigued by this observation and tested various split intein fragments of NpuDnaE intein, including both N-and C-terminal intein fragments for iPAS, using the identical model system of GB1 as the extein and nonsplit NpuDnaE as the cis-splicing intein 15 . In addition to naturally split I C (C35), we also tested other I C fragments, that is, the C-terminal 14 residues (C14) and 102 residues (C102) of NpuDnaE intein ( Fig. 1e and Supplementary Fig. 2 ). These fragments are capable of trans-splicing together with the remaining N-terminal intein fragments 17 . Whereas C102 did produce a minute amount of the alternatively ligated product, C14 did not induce alternative splicing at a detectable level under the applied conditions (Fig. 1e) . These data suggest that the naturally split C-terminal 35 residues of the intein (C35) induce iPAS most efficiently, which is different from trans-splicing 17, 18 . Next we asked whether iPAS could occur with other naturally occurring cis-splicing inteins. We tested iPAS of highly efficient cis-splicing inteins, that is, RadA intein from Pyrococcus horikoshii (PhoRadA), VMA intein from Thermoplasma volcanium (TvoVMA), TFIIB intein from Methanocaldococcus jannaschii (MjaTFIIB), NpuDnaB intein and engineered MjaTFIIB and NpuDnaB mini-inteins ( Supplementary  Fig. 2 ) 16 . We artificially created C-terminal split intein fragments from the individual cis-splicing inteins by splitting at their corres ponding sites to the naturally split site of NpuDnaE intein Supplementary Fig. 2 ). The C-terminal split intein fragment fused to the C-terminally His 6 -tagged GB1 (I C -GH) (C48 of TvoVMA intein, C46 of PhoRadA intein, C53 of MjaTFIIB intein or C39 of NpuDnaB intein) was expressed together with a cis-splicing precursor bearing the parental nonsplit cis-splicing intein. We detected the alternatively ligated products (HG-GH) for all of the inteins tested, although the ratios of alternative splicing and cis splicing considerably varied among the inteins under the same condition (20-98%) ( Fig. 1f and Supplementary Figs. 1 and 3) . These data suggest that iPAS might take place with other inteins under certain conditions.
Domain swapping in vivo as the mechanism of iPAS
We were interested in the molecular mechanism underlying iPAS. Inducing protein splicing between two separate polypeptide chains requires a stable exchange of an identical part of the intein including a splicing junction between cis-splicing and split intein precursors (Fig. 1d) , that is, three-dimensional (3D)-domain swapping. 3D-domain swapping of different proteins is confirmed in several crystal structures of other proteins exchanging a part of the protein between two molecules 19 . To elucidate the structural basis of iPAS, we developed a strategy to isolate the 3D domain-swapped complex formed in vivo for analysis by NMR spectroscopy, with which we differentially labeled only one of the two swapping polypeptides with stable isotopes. We analyzed the domain swapping between cis-splicing NpuDnaE intein and naturally split I C of NpuDnaE intein (C35). We achieved the differential labeling by a time-delayed dual-expression system that was previously developed 20 . First, we expressed the split intein precursor (I C -GH) in unlabeled medium, which was subsequently replaced by 15 N-labeled medium, followed by overexpression of a cis-splicing NpuDnaE intein carrying the C1A mutation to prevent splicing in the labeled culture 21 . We then purified the complex with an N-terminally His 6 -tagged SUMO domain fused to the NpuDnaE intein, which was subsequently removed by ubiquitinlike specific protease 1 for NMR analysis (Supplementary Fig. 4 21 . In the domain-swapped complex, the unlabeled polypeptide of I C is expected to replace the 15 N-labeled NpuDnaE intein, thereby causing the reduction of NMR signal intensities of the domain-swapped region, the appearance of new less-dispersed peaks in the HSQC spectrum and possible peak shifts near the swapping loop. We observed considerable changes in the HSQC spectrum of the presumable domain-swapped complex preparation compared with that of the NpuDnaE intein (Fig. 2a,b) . We mapped the residues whose signal was reduced or moved on the structure of the NpuDnaE intein (Fig. 2c) . These residues were located precisely in the C-terminal 35 residues and in the vicinity of the loop where an endonuclease domain is typically inserted in many inteins (Fig. 2c) . Strong signals appeared in a narrow dispersion range of 1 H chemical shift between 7.5 p.p.m. and 8.5 p.p.m., which is typical for residues in a randomcoil conformation with high flexibility (Fig. 2b) . These signals were absent in the spectrum of the NpuDnaE intein 21 , suggesting that the region corresponding to the I C region of the 15 N-labeled cis-splicing NpuDnaE intein became unstructured and flexible (Fig. 2d) .
The intertwined domain-swapped dimeric structure
The previously determined NMR structure of NpuDnaE intein is clearly monomeric in solution, as supported by 15 N relaxation analysis 18 . To confirm this, we also determined the crystal structure of NpuDnaE intein. The crystal structure showed no sign of intertwined dimers, similarly to other reported intein structures ( Supplementary Fig. 5 and Supplementary Table 1) 5, [23] [24] [25] [26] . Loop deletion is a commonly used mechanism for forming 3D domainswapped conformations, as observed in several crystal structures 19, 27 . We therefore introduced a few deletions in the loops of NpuDnaE intein and found that a variant (Δvariant) with a three-residue deletion in the loop of the natural split site and one residue deletion in E61   D93   Q42   S32  S64 N36   M75   I26   K113  H72   G132   G120   T41   T107   T69   G0  G79   G63   N99   F127   G19   D71  E5   G37   Y13   G14   G112   S136  K24  S3  D62  Q46   Q80   F133   K20  K130  D85   I87 L100   L9   R25   I21 E86   E91  T10   D98  R90  V121   Y117   Y31   I119   G51   R108   H48  Q114 N38  K104   E54   E23   E89  Q53  W47  L94   I39   A128 15 n]-HSQc spectrum of the time-delayed preparation of Npudnae intein were mapped in the crystal structure of monomeric Npudnae intein (magenta). the residues that could not be identified unambiguously owing to lack of assignments are in gray. (d) A three-dimensional model of the domain-swapped complex based on the nMR data. one molecule of the full-length Npudnae intein is in red. the c-terminal 35-residue split intein fragment is in gray. (e) two domain-swapped molecules of the Δvariant of Npudnae intein in the crystal. the two swapped chains are colored in purple or light yellow. the close-up shows the region (residues 94-98) where 3d-domain swapping occurs. the arrows in c and e indicate the naturally occurring split site, which also corresponds to conserved endonuclease insertion sites in many inteins.
article NATURE chEMicAL bioLogy dOI: 10.1038/nCHeMBIO.1320 of thermal unfolding was decreased from 84 °C to 67 °C by the deletion, facilitating the open swapped conformation. The Δvariant, however, produced the alternatively ligated product as much as the original cis-splicing NpuDnaE intein under the same conditions, indicating that splicing kinetics is more important than stability for iPAS ( Fig. 1f and Supplementary Fig. 3d ) 17 .
iPAS without split inteins
3D-domain swapping has been considered to be an 'entangling alliances' mechanism for creating new proteins with new properties without covalent linkage 27, 28 . In the case of protein-splicing domains, 3D-domain swapping results in combinatorially ligated molecules with covalent peptide linkages, yielding diverse molecular repertories from the identical genetic background. The 3D-swapped structure prompted us to investigate whether the intertwined dimers of two identical cis-splicing intein molecules could exist inside cells, which would produce two alternatively ligated products in addition to cissplicing products (Fig. 3a) . 3D-domain swapping might also involve inactive precursors (Fig. 3b) . However, we were unable to detect any iPAS product between two cis-splicing NpuDnaE intein precursors flanked with different exteins (SH3 domains (S) and maltose-binding protein (M)) as a model system under several conditions tested, presumably because NpuDnaE intein folds and splices too quickly for two chains to entangle to produce detectable iPAS products 29 . We detected alternatively ligated products when we replaced the intein in the two precursors with TvoVMA intein (Fig. 3c) . Although iPAS products were present in smaller amounts (~10%) with respect to cis-splicing products, the identified molecular masses (HG-G and HM-S) clearly indicated the intermolecular reaction between the two separate chains, thereby increasing the diversity to four instead of two ( Supplementary  Fig. 6 ). We additionally confirmed the alternatively ligated product by inactivating cis-splicing in one of the precursors by mutating both the first residue of C-extein and the last residue of the intein to alanine (Fig. 3b,d) . The confirmed alternatively spliced product of HG-G suggests that inactive inteins can still be involved in iPAS.
iPAS in the native context
Inteins usually do not leave any mark in the host protein upon selfexcision. iPAS thus makes it even more difficult to trace the spliced product back to their origins. One important question is whether iPAS could happen with naturally occurring precursors (that is, with native exteins). We tested the wild-type 529-residue PhoRadA protein (UniProt accession code O58001) bearing a 172-residue intein in the Walker A motif by expressing it together with a split RadA intein precursor with C-terminally His 6 -tagged GB1 as the C-extein (I C -GH) for a pulldown assay 26 . We were able to efficiently isolate the alternatively ligated product of the native N-terminal fragment (N-extein) of RadA protein and C-terminally His 6 -tagged GB1 together (RadA N -GH; Fig. 3e ) and confirmed its identity by its molecular mass (Supplementary Fig. 7 ). This observation suggests that iPAS could be a general phenomenon that could take place not only with the model system used here but also with native exteins.
controlling iPAS
NpuDnaE intein is very stable, with a thermal unfolding midpoint of 84 °C once the three-dimensional fold is formed. This is consistent article NATURE chEMicAL bioLogy dOI: 10.1038/nCHeMBIO.1320
with the fact that iPAS with NpuDnaE intein was visible only when we expressed the cis-splicing precursor after the expression of the other split precursor (Fig. 4a) and that we observed no alternative splicing of NpuDnaE intein in vitro with purified components. These observations indicate that folding and ligation kinetics are important for iPAS. The pre-existence of a split precursor, which is the driving force for the iPAS pathway, is a prerequisite for iPAS. We also found that iPAS was dependent on the relative amount of the split precursor (Fig. 4b) . This suggests that the pre-existing intein fragment at high concentrations intercepts the intramolecular protein folding process of the nascent chain. We were able to direct >95% of the cis-splicing precursor to the iPAS pathway by carefully adjusting the protein expression and temperature, as previously described for in vivo segmental isotopic labeling by PTS 22 . The degree of iPAS occurring under identical conditions widely varies among different inteins, probably owing to the differences in folding and splicing kinetics (Fig. 1f) . Many inteins contain an endonuclease domain that has an important role in the propagation of intein genes by horizontal gene transfer and is not required for protein splicing function 1, 30 . Unlike the insertion sites of inteins, the insertion sites of endonuclease domains are well conserved among inteins and also coincide with the split sites of naturally occurring split inteins in cyanobacteria 4 . Notably, the observed 3D-swapping loop in the Δvariant structure also shares the same site ( Fig. 2e and Supplementary Fig. 5 ), suggesting that endonuclease domains might have some influence on iPAS. We compared iPAS of NpuDnaB and MjaTFIIB inteins with and without the endonuclease domain to test whether the insertion of an endonuclease domain has any effects on iPAS. The full-length NpuDnaB intein, tested together with the C-terminal C39 intein fragment, showed more efficient iPAS than the NpuDnaB mini-intein, although the protein expression of the NpuDnaB intein was considerably lower owing to the cytotoxicity of the endonuclease domain ( Fig. 1f and  Supplementary Fig. 3b ). In the case of MjaTFIIB intein, deletion of the endonuclease domain resulted in substantial loss of cis-splicing, redirecting it nearly completely to iPAS when we expressed the cissplicing precursor bearing the MjaTFIIB mini-intein together with the split C-terminal precursor ( Fig. 1f and Supplementary Fig. 3c ). These data suggest that the insertion of a domain can modulate efficiency of iPAS presumably because of changes in the folding process and that an endonuclease domain might have a role in regulating iPAS. It is noteworthy that iPAS could rescue the less-active MjaTFIIB mini-intein. It has been shown that several inteins are not functional under specific conditions and are not necessarily optimized for the splicing function 16, 17, 31 . iPAS might have more important roles for poorly splicing and inactive inteins.
iPAS as a conformation-driven switch
We were interested in the capability to rescue inactive inteins by iPAS, as observed with the MjaTFIIB mini-intein and the inactivated cis-splicing precursor for controlling protein functions on the protein level (Fig. 3b,d and Supplementary Fig. 3c ). To demonstrate the control of protein functions by iPAS, we developed a model system using GFP. The chromophore of GFP is autocatalytically produced with a specific sequence (Ser-Tyr-Gly in the wild-type GFP) in the central helix surrounded by β-barrels 32 . We inserted the NpuDnaE intein at the immediate upstream of the chromophore sequence (Cys-Tyr-Gly) with a serine-to-cysteine mutation for better protein splicing without loss of the fluorescence (Fig. 5a) . Without excision of NpuDnaE intein and concomitant ligation of the flanking sequences, GFP cannot fold into a mature fluorescent protein. It is worth noting that, unlike other insertion sites in GFP, any side reactions such as cleavages caused by the intein mutants cannot form a fluorescent chromophore with this construct (that is, zero background). Mutating Ser-Asn to Ala-Gly at the C-terminal junction indeed resulted in no fluorescence owing to the lack of protein splicing (Fig. 5b) . We were able to restore the fluorescence of the host protein (GFP) harboring the inactive intein by expressing a C-terminal split intein fragment containing the active sequence of Ser-Asn together with the C-terminal split GFP fragment (GFP C ) ( Fig. 5b and Supplementary Fig. 8 ). Conversely, it was possible to suppress the green fluorescence of GFP bearing the active intein by adjusting the expression of an active split intein fused with an unrelated sequence (GB1) before the induction of the cis-splicing GFP precursor (Fig. 5a,c) . In contrast, a split intein fragment derived from an orthogonal intein (MjaTFIIB) was unable to induce iPAS, showing no suppression of the fluorescence because the MjaTFIIB intein is unreactive (orthogonal) to the NpuDnaE intein (Fig. 5a,c) . Thus, the pre-existence of appropriate amounts of the reactive intein fragment could interfere with protein folding of the cis-splicing precursor and direct it to the iPAS pathway in a highly specific manner.
Prevalence of inteins and split inteins
iPAS requires a split intein fragment and a cis-splicing intein or two cis-splicing inteins that are cross-reactive (nonorthogonal), as we demonstrated above. Natural split inteins have been found in DnaE polymerase in diverse cyanobacteria but not in many other species, diminishing the likelihood of iPAS as a common physiological process exploited in nature (Supplementary Table 2) 4 . However, recent metagenomic data suggest that split intein fragments could be more common with phage or viral origins 14, 33 . Additionally, we demonstrated that split intein fragments were not always necessary for iPAS, implying some possibilities of iPAS by commonly occurring cis-splicing inteins as physiological processes in nature. Indeed, more than one intein (up to 19 inteins) are identified in about one-fourth of the organisms carrying inteins, including viruses and bacteriophages (Supplementary Table 2 ) 4 . Several inteins can simultaneously integrate into one protein. Forty-four proteins in InBase are interrupted by more than one intein (up to four inteins) (Supplementary Table 2) . Thus, iPAS could potentially take place within a single organism or even within one protein and/or upon infection of viruses or bacteriophages carrying inteins. Naturally occurring iPAS with physiological relevance remains to be discovered. article NATURE chEMicAL bioLogy dOI: 10.1038/nCHeMBIO.1320
DiScUSSioN
Our discovery of iPAS as a conformation-driven switch lays new ground for increasing protein diversity, that is, functions by inteins and intein fragments without any genetic modifications, which usually require many generations owing to low mutation rates. iPAS as a post-translational protein ligation mechanism further supports the previously suggested primeval role of inteins for increasing protein diversity by combinatorial protein recombination because iPAS could take place without any split intein fragment, producing up to four combinatorially ligated molecules from two precursor genes without having multiple copies of genes 11, 13 . This number can be further increased because some inteins are cross-reactive (nonorthogonal) to each other, as observed for naturally split DnaE inteins 15, 34 , and because inteins are generally capable of ligating foreign exteins, even though some inteins are less tolerant of changes in splicing junctions 15, 26, 35 . Intein distributions are sporadic because of lateral gene transfer by homing events mediated by the endonuclease domains and the loss of inteins 13, 30, 36 . We speculate that viruses and bacteriophages harboring inteins could function as vehicles that not only disseminate inteins by horizontal gene transfer but also might provide fitness benefits to the host by rescuing less-active inteins (or provide disadvantage by inactivating some functional inteins) by the iPAS mechanism via split or nonsplit inteins before genetic fixation. iPAS might account for the strict strain specificity of viruses carrying inteins 37 . iPAS is an irreversible process sensitive to the order of precursor expression. This requirement could be used as a biotechnological tool for studying sequences of events happening in various biological processes in living cells in developmental biology, neural circuits, translocation to specific organelles, protein folding and others because the pre-existence of one of the precursor components would result in different irreversible outputs on the protein level, as demon strated with GFP fluorescence. The GFP reporter system developed here might also be useful for analyzing 3D-domain swapping in living cells and for identifying other factors influencing iPAS. As shown with GFP and RadA, iPAS can be potentially used for targeting inteins found in several essential proteins in various mycobacterial and fungal pathogens such as Mycobacterium tuberculosis and Cryptococcus neoformans 38, 39 . Increased protein diversity by iPAS could serve as a new tool for directed evolution of proteins because protein diversity can be increased in vivo by combinatorial recombination on the protein level from limited genetic libraries, of which diversity is often limited by transformation efficiency of bacterial cells 40 . Protein alternative splicing not only provides the possibility to expand molecular variability at the protein level but also creates challenges in identifying their original genes from the protein species responsible for unique functions. As protein splicing is traceless from spliced products, proteins produced by iPAS might have easily escaped from any investigation. This is further complicated by cross-reactions among nonorthogonal inteins. Additionally, inteins are flexible enzymes that can achieve protein splicing through diversified mechanisms 41 . Variations of protein-splicing mechanisms by intein and intein-related sequences are still increasing 41, 42 . As more extensive genomic, metagenomic and proteomic data are available at an increasingly rapid pace, we anticipate more inteins and intein-related sequences as well as diversified natural and contrived molecules produced by iPAS, which could advance our understanding of their biochemical and physiological roles and their biotechnological applications. 
references oNLiNE METhoDS
Plasmid construction. Methods for constructing the used plasmids, which are listed in Supplementary Table 3, are described in the Supplementary Note.
Comparison of iPAS between different inteins.
Each pair of the two plasmids encoding cis-splicing and split precursors was transformed together into E. coli ER2566 (New England Biolabs). The cells were grown at 37 °C in 5 ml LB medium supplemented with kanamycin (25 μg/ml) and ampicillin (100 μg/ml) and induced at D 600 nm = 0.4-0.6 with 0.09% (w/v) l-arabinose for 1 h, followed by addition of IPTG at a final concentration of 0.67 mM and incubation for additional 4 h. The cells were harvested by centrifugation. The expression of the proteins was analyzed as described in the following section.
Quantitative analysis of iPAS. The expressed proteins were analyzed by resuspending and lysing the cells in 100 μL of Bacterial Protein Extraction Reagent (B-PER, Thermo Scientific). After removal of cell debris by centrifugation, His 6 -tagged proteins were purified using a Ni-NTA spin column (Qiagen). The amount of ligated products was quantified by analyzing elution fractions on 18% SDS-PAGE. The intensities of protein bands were quantified using ImageJ (US National Institutes of Health) software. The percentages of iPAS were estimated with respect to the total spliced products (iPAS and cis-splicing products), assuming both proteins bind staining dye equally. s.d. were estimated from at least three independent experiments. iPAS by NpuDnaE intein with different split sites. Different split sites of NpuDnaE intein were tested for iPAS using cis-splicing precursor (pSKDuet16) and split intein precursor with different split C-inteins (pMH-BAD14C (C35), pMKBAD28 (C14) or pSABAD219 (C102)). The pair of two plasmids was transformed into E. coli ER2566 cells, which were grown at 37 °C in 5 mL LB medium supplied with kanamycin (25 μg/ml) and ampicillin (100 μg/ml). The cells were first induced at D 600 nm = 0.4-0.6 with a final concentration of 0.09% (w/v) l-arabinose for 1 h. The second inducer of IPTG was added at a final concentration of 0.67 mM. The cells were incubated for additional 4 h. The cells were harvested by centrifugation and analyzed as described above.
iPAS by NpuDnaE intein and its Δvariant. pSKDuet16 or pHYDuet216A was transformed together with pMHBAD14C into E. coli ER2566 and grown at 37 °C in 5 ml LB medium supplemented with ampicillin (100 μg/ml) and kanamycin (25 μg/ml). The split C-intein precursor was first induced by addition of a final concentration of 0.09% (w/v) l-arabinose. The cells were incubated for 1 h, followed by induction by IPTG at a final concentration of 0.67 mM for additional 4 h. The cells were harvested by centrifugation and analyzed as described above.
Effect of the expression order on iPAS of NpuDnaE intein. A pair of two plasmids, pSKDuet16 and pMHBAD14C (for S→C) or pSABAD25-SK16 and pSADuet194-14 (for C→S), was transformed into E. coli ER2566 to test the effect of the expression order of the two precursors. The transformed cells were grown in 5 mL LB medium supplemented with kanamycin (25 μg/ml) and ampicillin (100 μg/ml) at 37 °C. The first protein (either split precursor or cis-splicing precursor) was induced with 0.09% (w/v) l-arabinose. After 1.5 h of the l-arabinose induction, the cells were spun down at 900g for 10 min at 25 °C, followed by a brief wash with prewarmed LB medium 22 . The cells were suspended after the wash with prewarmed 5 ml LB medium supplemented with kanamycin (25 μg/ml), ampicillin (100 μg/ml) and IPTG (at a final concentration of 0.67 mM) for the induction of the second protein. The induction of the second protein continued for additional 4 h. The cells were harvested by centrifugation and analyzed as described above.
. The crystallization condition was screened using the Index HT screen (Hampton Research). Crystallization screens were performed using sitting-drop vapor diffusion in a 96-well plate (Innovadyne SD-2) with an 80-μL reservoir solution and protein drops of 100 nL mixed with 100 nL reservoir solution. All of the crystallization setups were performed at 293 K and at a NpuDnaE intein concentration of 29 mg/mL. Crystallization hits from the screening were optimized by grid design using sitting-drop vapor diffusion with 200-nL protein drops mixed with 200 nL reservoir solution. The diffracting crystal was collected from a drop containing 1.4 M triammonium citrate-citric acid (pH 6.5) and cryoprotected with paratone-N. The diffraction data were collected at ESRF ID23-1 at a wavelength of 0.976 Å at 100 K, indexed, integrated and scaled to 1.72-Å resolution using the program XDS 44 . The space group was confirmed using the software Pointless 45 . Initial phases were solved using the software Phaser 46 using the NpuDnaE intein NMR structure (PDB code 2KEQ) 18 as the search model, and two molecules were identified in the asymmetric unit. Model refinement was performed using PHENIX 47 using automatic water update in initial refinement rounds. For final refinement rounds, a TLS parameter was applied for each molecule, and the model was manually corrected using Coot 48 . The crystal structures of NpuDnaE intein was solved at 1.72-Å resolution, with 97% of residues in the favored region of Ramachandran plot. The refinement statistics is summarized in Supplementary Table 1 .
Crystal structure of Δvariant of NpuDnaE intein. The protein in the plasmid pHYRSF236 was expressed and purified with the same procedure as that described previously 21 . Crystallization conditions were screened as described above using a protein concentration of 30 mg/mL. A single crystal was picked from a drop containing 0.1 M Tris (pH 8.5) and 2.0 M ammonium phosphate, and X-ray diffraction data was collected at the ESRF at beamline ID29 at the wavelength 1.000 Å at 100 K. The diffraction data was indexed, integrated and scaled to 2.2-Å resolution using the program XDS 44 . Initial phases were solved by molecular replacement using Phaser 46 using the NpuDnaE intein NMR structure (PDB code 2KEQ) 18 as a search model, and four molecules were identified in the asymmetric unit. Model refinement was performed using PHENIX 47 and Refmac5 (ref. 49 ). The domainswapped dimer-loop structures and connectivity between the monomers were rebuilt on the basis of the initial F o -F c difference density maps and 2F o -F c omit maps. For the final refinement rounds, water molecules were added with PHENIX 47 and edited with Coot 48 . The data collection and refinement statistics are summarized in Supplementary Table 1. Δvariant was solved at 2.20-Å resolution, with 94% of residues in the favored region of the Ramachandran plot.
Thermal stabilities of NpuDnaE intein and Dvariant. Thermal stabilities of NpuDnaE intein and Δvariant were analyzed by Thermofluor-based assay using freshly diluted SYPRO orange dye (1:5,000) 50 . Both protein concentrations were adjusted to 31 μM in 20 mM Tris HCl (pH 7) and 1 mM EDTA. Fluorescence intensities were monitored while increasing the temperature from 20 °C to 99 °C with steps of 0.5 °C in the MiniOpticon system (Biorad). A midpoint of the melting curve (T m ) was determined by MiniOpticon Software (Biorad).
iPAS as a switch for fluorescence of GFPs. Activation of GFP. To demonstrate activation of the fluorescence of GFP, plasmids of pSABAD544 (encoding a splicing-incompetent precursor of GFP N -NpuDnaE(AG)-GFP C ) and pSARSF534-3 (encoding a splicing-competent split precursor of His 6 -Int C C35 -GFP C ) or a blank plasmid of pRSFDuet-1 were transformed together into E. coli strain ER2566 for the protein expression. The transformed E. coli ER2566 cells were growth in LB medium supplemented with kanamycin (25 μg/mL) and ampicillin (100 μg/mL) at 30 °C. The split precursor in pRSF vector (or a blank vector of pRSFDuet-1) was first induced with a final concentration of 0.6 mM IPTG at D 600 nm = ~0.5. After 0.5 h of the induction by IPTG at 30 °C, the protein in pBAD-vectors (cis-splicing precursor) was induced by addition of L-arabinose at a final concentration of 0.12% (w/v). The two precursors were induced at 30 °C for another 18-20 h. The cells were harvested by centrifugation for taking images under UV light (365 nm) or for western blotting analysis. As a control for western blotting analysis, pSABAD505 (encoding a cis-splicing precursor of GFP N -NpuDnaE-GFP C ) and pRSFDuet-1 were transformed together into E. coli ER2566 cells and expressed, following the same protocol as described above. In addition, pJJBAD7 for expressing uninterrupted GFP was transformed into E. coli ER2566 cells. The cells were grown at 37 °C in LB medium supplemented with ampicillin (100 μg/mL) and induced at 30 °C for 20 h with a final concentration of 0.12% (w/v) L-arabinose when D 600 nm reached 0.5.
Suppression of GFP. pSARSF505 (His 6 -GFP N -NpuDnaE-GFP C ) and pMHBAD14C (Int C NpuDnaE_C35 -GB1-His 6 ) or pSABAD14-750 (Int C MjaTFIIB_C53 -GB1-His 6 , a control plasmid) were transformed together into E. coli ER2566 cells and grown at 37 °C in LB medium supplemented with kanamycin (25 μg/mL) and ampicillin (100 μg/mL). The transformed cells were induced with different final concentrations (0%, 0.00012%, 0.0012%, 0.012% or 0.12% (v/w)) of L-arabinose when D 600 nm reached 0.4-0.6. Additionally, one control culture was induced with a final concentration of 0.12% (v/w) L-arabinose and without IPTG. All the cell cultures were incubated for 1 h after the arabinose induction, followed by the second induction by IPTG at a final concentration of 0.67 mM. The cells were grown for additional 4 h after the second induction and were harvested by centrifugation. The cell pellets were suspended with phosphate-buffered saline (PBS) for taking images under UV light (365 nm).
Western blotting of splicing products from GFP constructs with and without insertion of NpuDnaE intein. The total cell lysates were separated by 18% SDS-PAGE, which were transferred on the nitrocellulose filter membrane Hybond-C Extra membrane (GE Healthcare). Antibody to GFP (anti-GFP) recognizing residues 132-144 of the GFP (Sigma-Aldrich, G1546) was used at 1:1,500 dilution as the primary antibody. After incubation with anti-mouse IgG alkaline phosphatase conjugate (Sigma, A3484) at 1:5,000 dilution as a secondary antibody, the blotted membranes were visualized by the colorimetric method using premixed BCIP/NBT solution (Sigma, B6404).
